Time-resolved data on the carbon isotopic composition of carbonate minerals and the sulfur isotopic composition of sulfate minerals show a strong negative correlation during the Cretaceous. Carbonate minerals are isotopically heavy during this period while sulfate minerals are isotopically light. The implication is that carbon is being transferred from the oxidized, carbonate reservoir to the reservoir of isotopically light reduced organic carbon in sedimentary rocks while sulfur is being transferred from the reservoir of isotopically light sedimentary sulfide to the oxidized, sulfate reservoir. These apparently oppositely directed changes in the oxidation state of average sedimentary carbon and sulfur are surprising because of a well-established and easy to understand correlation between the concentrations of reduced organic carbon and sulfide minerals in sedimentary rocks. Rocks rich in reduced carbon are also rich in reduced sulfur. The isotopic and concentration data can be reconciled by a model which invokes a significant flux of hydrothermal sulfide to the deep sea, at least during the Cretaceous.
INTRODUCTION
Direct measurements of the rates of accumulation and the aereal extent of deep ocean black shales have not yet been sufficient to establish the impact of the sediments on global geochemical cycles. Data on the stable isotopes of carbon, however, show quite clearly that the Cretaceous, a time of deposition of deep ocean black shales, was also a time of markedly perturbed geochemical cycles for carbon, sulfur and oxygen. Figure I compares the stable isotopic composition of the carbon in carbonate sediments from all over the world (Veizer et al., 1980) with the average concentration of reduced, organic carbon in Atlantic Ocean sediments (Brumsack and Lew, 1982) . Large numbers of samples, indicated by the numbers in parentheses in the figure, were used to establish these average behaviors as functions of time. The figure shows that globally averaged carbonate was isotopically heavy during the Cretaceous compared both with more recent geological time and also with an average for the whole of the Phanerozoic. At the same time, Atlantic Ocean sediments were, on average, much richer in organic carbon during the Cretaceous than during more recent geological periods. The concentration data do not, by themselves, prove that the rates of accumulation of organic carbon were large during the Cretaceous. Figure 2 presents a summary budget of oceanic carbon as a first step in the explanation of the relationship between the isotopic composition of carbonate minerals and the organic carbon content of oceanic sediments. Carbon is supplied to the ocean and atmosphere at a rate of 25 X 1012 moles yr -1 by the weathering of carbonate rocks and also by the volcanic and metamorphic generation of carbon dioxide (Walker, 1977) . The total carbon content of ocean and atmosphere combined is 3.4 X 101~ moles, principally in the form of bicarbonate ions in solution in sea water (Broecker, 1974) . The residence time of carbon in the ocean can be calculated by dividing this quantity by the rate of supply. The result is 140 X 103 years, a time so short in geological terms that it can be assumed that the rates O f supply and removal of carbon are in balance when averaged over time scales of millions of years.
CARBON ISOTOPES
Carbon is removed from the ocean and atmosphere by the precipitation of carbonate minerals with an isotopic composition, 6, that is very nearly equal to the isotopic composition of sea water. Carbon is also removed from ocean and atmosphere by the precipitation, in sediments, of reduced organic
Fig.2. A simple representation of the carbon budget of the ocean and atmosphere. Over time periods longer than a few hundred thousand years, the rate of removal of carbon by precipitation of carbonate minerals and organic carbon in sediments is equal to the rate of supply of carbon by weathering processes and by volcanic and metamorphic release of carbon dioxide. The isotopic budget is also balanced in the long-term average.
carbon. Because of isotopic fractionation in the course of photosynthesis, which favors the light isotope of carbon (12C), the organic carbon is isotopically lighter than sea water by approximately 25 parts per thousand (°/oo). The relatively short residence time of carbon in the ocean and atmosphere implies that the supply and removal of carbon must be isotopicaUy in balance as well as quantitatively in balance (Broecker, 1970) . The average isotopic composition of the carbon supplied to the ocean must be equal, when averaged over times of millions of years, to the average isotopic composition of the carbon removed from the ocean. This isotopic balance is illustrated in Fig.3 . In equilibrium, the isotopic composition of the materials supplied to the ocean must equal the isotopic composition of the material removed from the ocean. This throughput is shown here at a composition of about 8 nC = --7%0. The input is composed of a mixture of carbonate and of organic carbon oxidized during weathering processes. The average isotopic composition of the organic carbon in sedimentary rocks subjected to weathering is --24%0 (Degens, 1969) . The average isotopic composition of the carbonate minerals is + 1%o (Veizer et al., 1980) . These are supposed to contribute to the supply to the ocean in proportions a and 1 --a. Carbon is removed from the ocean by precipitation of carbonate minerals with an isotopic composition (8) that is equal to that of the ocean. Precipitation of sedimentary organic carbon with an isotopic composition equal to 8 --25 plays a role also. The relative proportions of these two are 1 --b and b. As the figure shows, if the proportion of organic carbon in the output is equal to the proportion of organic carbon in the input (that is, if a --b), then the isotopic composition of newly deposited carbonate will be equal to the average isotopic composition of old, weathered carbonate (namely, 8 = 1). More generally:
The unusually heavy global average carbonate of the Cretaceous implies that b was greater than a during this time, which means that the rate of burial of organic carbon in new sediments exceeded the rate of weathering of organic carbon in old sediments. This excess of burial rate over weathering rate caused a positive excursion in the isotopic composition of oceanic carbonate and the composition of carbonate minerals precipitated from the ocean. When averaged over times of l0 s years or more, both isotopic balance and material balance were maintained during this excursion. But there was a net transfer of carbon from the oxidized, carbonate reservoir to the reduced, organic carbon reservoir. The sedimentary organic carbon was produced, by photosynthesis, from oxidized carbon. Corresponding to the net transfer of carbon from the oxidized to the reduced reservoirs was a release of oxygen. The cumulative amount of this release is readily calculated by multiplying b --a, calculated from the isotopic data, by the flux of carbon through the ocean--atmosphere system. For simplicity this flux is assumed to be constant. Results of the calculation are illustrated in Fig.4 . The isotopic data illustrated here have been reported by Scholle and Arthur (1980) from a number of si~es in and around the Atlantic Ocean. Large numbers of samples were collected and analyzed to provide high time resolution. The hatched area in the figure corresponds to the envelope of approximately 10 profiles analyzed by Scholle and Arthur. Newer data reveal much more detail (M. Arthur, pets. commun., 1984) . The very substantial departure of the carbonate isotopic composition from a Phanerozoic average of about 6 '3C = 1°/oo yields the cumulative release of oxygen shown on the right of the figure. Over a period of 60 m.y. it appears that the cumulative release of oxygen from the global geochemical cycle of carbon amounted to considerably more than the amount of oxygen now in the atmosphere. It seems hardly likely that this very large amount of oxygen could have accumulated in the atmosphere. It was presumably consumed by a transfer from reduced to oxidized reservoirs in the global geochemical cycle of some other element.
SULFUR ISOTOPES
This other element was evidently sulfur Lerman, 1981, 1984 ). Iron appears to be much less important (Walker, 1977; Holland, 1978) . Figure 5 compares the carbon isotopic data of Scholle and Arthur, where just the mid-point of the envelope is plotted, with sulfur isotope data reported by Claypool et al. (1980) . The sulfur data refer to the average of a large number of samples of sulfate evaporites. As the figure shows, the sulfur in the sulfate minerals becomes isotopically lighter as the carbon in the carbonate minerals becomes isotopically heavier. There is a strong negative correlation between these two isotopic records based on completely different minerals, samples, and locations. As I shall show below, the interpretation of the sulfur isotope record is quite analogous to that of the carbon isotope record (see, for example, Lerman, 1981, 1984; Berner and Raiswell, 1983) . Reduced sulfur is isotopically light. Oxidized Sulfur is isotopically heavy. The minimum in isotopic composition at about 110 m.y. ago corresponds to a time of net transfer of sulfur from the reduced reservoir to the oxidized reservoir.
The sulfur budget of the ocean is summarized in Fig.6 . The oceanic reservoir, almost entirely in the form of dissolved sulfate ions, is more than 10 times as large as the oceanic bicarbonate reservoir (Broecker, 1974) . At the same time, the rate of supply of sulfur, provided by weathering and dissolution of sulfide and sulfate minerals and the volcanic release of sulfur gases, is almost 10 times smaller than the rate of supply of carbon to the ocean (Meybeck, 1979; Zehnder and Zinder, 1980; Berresheim and Jaeschke, 1983). As a result, the residence time of sulfur in the ocean is 100 times longer than the residence time of carbon. The sulfur residence time, 14 × 104 years, is so long that it is possible for departures from equilibrium, both in material balance and isotopic balance, to persist for geologically significant periods of time. The possibility of departures from equilibrium must be kept in mind, although I shall assume equilibrium for simplicity in the analysis that follows.
The sulfate that is removed from the ocean by precipitation of evaporite minerals is heavier than sea water by approximately 1.2%o while the isotopic composition of the sulfide minerals precipitated by biogenic sulfate reduction in anoxic environments, is lighter than the sulfate by an average of approximately 40%0 (Claypool et al., 1980) . Therefore, sea-water sulfate and evaporite minerals become isotopically heavier when the rate of deposition of sulfide exceeds the rate of weathering of sulfide. Alternatively, they become lighter when more sulfide is being oxidized than is being deposited. This was the situation at the Aptian--Albian boundary about 110 m.y. ago.
A simple calculation of the relative rates of change of carbon and sulfur isotopic compositions has been presented by Veizer et al. (1980) . Assume that the carbon budget of the ocean is in isotopic and material balance. Then, as shown in Fig.3 :
where Fc is the flux of carbon through the ocean, a is the fraction of the input flux that is reduced, b is the fraction of the output flux that is reduced, 6 is the isotopic composition of seawater, 3¢ the average compositio n of carbonate rocks, and a¢ is the difference in isotope ratios between oxidized and reduced carbon. The equation simplifies to:
Assume that the sulfur budget of the ocean is also in isotopic and material balance. This does not mean that the sulfate concentration or isotope ratio of seawater does not change with time, but that any change is slow relative to the flow of sulfur through the sea (with a characteristic time of 14 × 106 years). Then the analysis already applied to carbon yields: 6s = ~s + ~s(bs--as)
an expression for the isotopic composition of seawater, 6s, in terms of the average composition of sulfate minerals, 6s, the fractionation between reduced and oxidized sulfur, ~s, and the fractions of the input and output fluxes that are reduced.
Any change in the isotopic composition of sea water that results from transfer between oxidized and reduced reservoirs can be expressed as: ASc = ~cA (be --ac) and: A6s = asA (bs --as) where it is assumed that 6 and ~ do not change. Now assume that oxidized carbon is reduced on a global scale by reaction with reduced sulfur or the reverse, without any net consumption or release of oxygen, according to the stoichiometric relationship shown in Fig.7 ( Garrels and Lerman, 1981) . The flux of carbon from oxidized to reduced reservoirs is F¢ (b~ --ac). The flux of sulfur from reduced to oxidized reservoirs is Fs(as --bs Fig.7 . Calculation of the slope of a plot of carbon isotopic composition against sulfur isotopic composition if it is assumed that all of the oxygen released by the transfer of carbon from oxidized to reduced reservoirs is consumed by an equivalent transfer of sulfur from the reduced to the oxidized reservoirs.
Fc (be --a~)/15 = F,(a~ --b~)/8
or:
A(b~ --ac) = 15FJ8FcA(a~ --b~)
So: 834S o/~ Fig.8 . Average data on carbon and sulfur isotopic compositions during the Phanerozoic are shown by crosses (Veizer et al., 1980) . The line through the crosses shows the slope calculated in Fig.7 . The cross-hatched region denotes the data for the Cretaceous that were plotted in Fig. 5. entire Phanerozoic, plotted as averages by period. Their results are reproduced in Fig.8 . Figure 8 also shows on the same scale the Cretaceous data that were plotted in Fig.5 . These Cretaceous data reveal a negative correlation between carbon and sulfur isotopes, as already noted, but the slope of this negative correlation is markedly steeper than the slope predicted in Fig.7 which is the slope that well reproduces the Phanerozoic average data. The overall theoretical picture is pleasing, even if the discrepancy of the time-resolved Cretaceous data is a potential source of concern. The idea is that imbalances of oxidation and reduction in the geochemical cycle of carbon are completely cancelled out by imbalances of oxidation and reduction in the geochemical cycle of sulfur (Garrels and Perry, 1974; Garrels et al., 1976; Veizer et al., 1980; Lerman, 1981, 1984) . Thus, when carbonate becomes isotopically heavier, sulfate becomes isotopically lighter. At the same time, the store of free oxygen, mostly in the atmosphere, does not vary significantly even when very large amounts of oxygen are being transferred between the carbon and sulfur cycles.
REDUCED CARBON AND SULFUR IN SEDIMENTS
Unfortunately, this theoretical description of oxidation--reduction balance in the geochemical cycles of carbon and sulfur is completely at variance with the well-established correlation between the sulfide content of sediments and the organic carbon content of sediments (Goldhaber and Kaplan, 1974) . Figure 9 shows a representative illustration of this correlation (Berner, 1982; Brumsack and Lew, 1982) . High concentrations of organic carbon in sediments generally correspond to high concentrations of sulfide minerals. This positive correlation is not surprising. Sulfate is reduced to sulfide by anaerobic microorganisms in anaerobic sediments (see, for example, Berner, 1980) . High concentrations of organic carbon promote the establishment of anaerobic conditions or anaerobic conditions facilitate the preservation of high concentrations of organic carbon. Either way, it is hard to imagine the sedimentary environment in which precipitation of reduced organic carbon and reduced sulfide minerals would be negatively rather than positively correlated. Similarly, it is hard to imagine what feedback mechanism would cause such a negative correlation on a global scale. Unusual circumstances must be invoked to explain a situation in which the transfer of carbon from oxidized to reduced reservoirs is accompanied by the transfer of sulfur from reduced to oxidized reservoirs. Berner and Raiswell (1983) , for example, invoke shifts in the sites of carbon burial to account for changes in the globally averaged ratio of reduced carbon to sulfur in sediments. Under most circumstances, however, the operation of the sedimentary cycle of weathering and deposition must cause carbon and sulfur to move together between oxidized and reduced reservoirs. The sedimentary cycles of carbon and sulfur cannot buffer the amount of free oxygen in the atmosphere. As shown in Fig.9 , the ratio of carbon to sulfur in average mean sediments is about 2.8 by weight or 7.5 by numbers of atoms. Figure 10 shows that this ratio of carbon to sulfur would yield a slope of the plot of carbon isotopes against sulfur isotopes that is small and positive. At the same time, transfer of carbon and sulfur between oxidized and reduced reservoirs would lead to release or consumption of substantial amounts of oxygen. Both of these predictions are contradicted by the data. What is the source of this contradiction?
Could there be a large source of sulfide other than the weathering of sedimentary rocks, which could absorb the extra oxygen released during the Cretaceous as a result of excess burial of sedimentary organic carbon and sulfide? Could there be important terms in the geochemical sulfur budget that have so far been overlooked in this discussion? Fig.9 . The positive slope predicted by this calculation contradicts the data for the Phanerozoic and for the Cretaceous, shown in Fig.8 . The calculation also predicts a large net release of oxygen.
SULFUR BUDGET
Indeed, the sulfur budget so far described is unbalanced, both in mass and with respect to isotopes, so there is room for additional terms in the budget. The unbalanced sulfur budget is summarized in Fig.ll . The presentday rate of supply of natural sulfur (after correction for pollution) has been estimated by Meybeck (1979) at 3 X 1012 moles yr -1 while the rate of deposition of sulfide minerals in sediments has been estimated by Berner (1982) as 1.3 X 101: moles yr -1 . The rate of precipitation of sulfate minerals is negligible today because of the absence of extensive evaporite basins. The sedimentary sulfur budget is therefore apparently unbalanced at present, with the rate of supply exceeding the rate of removal. Similarly, the isotopic budget is apparently unbalanced. The supply by rivers has an average isotopic composition of about +10°/oo (Holser and Kaplan, 1966) , while the sedimentary sulfide is isotopically light, possibly about--18%o. Evidently, the isotopic composition of the supply is not equal to the isotopic composition of the output. Because of the long residence time of sulfur in the ocean it is entirely possible that these budgets are in fact unbalanced at the present time, although balanced in the long term by episodic deposition of sulfate evaporites. This interpretation is frequently offered (Berner, 1972) . On the other hand, it is possible that the sulfur budget is in balance both with respect to mass and with respect to isotopes, but that there are other terms in the sulfur budget.
The potential importance of sea-floor hydrothermal systems to the oceanic sulfur budget has been argued by Edmond et al. (1979} and Edmond (1982) . Figure 12 presents a balanced sulfur budget that is consistent with the findings of McDuff and Edmond. The river fluxes and sedimentary sulfide flux have not been changed. The flux into the ocean of hydrothermal sulfide has been assigned a value of 1012 moles yr -1 (McDuff and Edmond, 1982}, and the rate at which sulfate is removed from the ocean by reaction between sea water and hot, sea-floor basalt is then given a value of 2.7 X 1012 moles yr -~ , just sufficient to balance the oceanic sulfur budget. (MEYBECK, 1979) 3XlO m "r= 14 x IOSy SULFIDE 1"3 xlO Iz NEGLIGIBLE (BERNER, 1982) ~ ffi -18 SULFATE Fig.11 . The conventional budget of oceanic sulfur is at present unbalanced both with respect to mass and with respect to isotopic composition. Measurements on hydrothermal minerals yield an isotopic composition for the hydrothermal sulfide of about 6~S = +2%0 (Skirrow and Coleman, 1982) . This isotopic composition reflects a mixture of mantle sulfur leached from sea-floor basalt and sea-water sulfur abiotically reduced from sulfate to sulfide in interactions with hot basalt. If it is assumed that all of the sulfate carried in solution into the sea floor by percolating sea water is precipitated, then this sulfate removed from the ocean will be isotopically unfractionated. It will have the same isotopic composition as sea water, namely 6 = +20%°. These assumptions and values, illustrated in Fig.12 , yield a sulfur budget that is isotopically balanced as well as balanced with respect to mass. There are no obvious contradictions in assuming that sea-floor hydrothermal systems have a significant impact on the sulfur budget of the ocean and, indeed, that the present day budget is approximately balanced both with respect to mass and with respect to isotopes. On the other hand, there is no unambiguous evidence for the major role that I am assigning to sea-floor hydrothermal activity.
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IMPACT OF SEA-FLOOR HYDROTHERMAL SYSTEMS
Suppose, now, that it is the sulfide released to the ocean by sea-floor hydrothermal systems that consumes the excess oxygen released when carbon and sulfur are transferred from the oxidized sedimentary reservoir to the reduced sedimentary reservoir. {Such consumption is not likely to be detectable as an anomalous concentration of dissolved oxygen near midocean ridges.) Since the hydrothermal sulfide is isotopically light such a process would yield the observed negative correlation between carbon and sulfur isotopes rather than the positive correlation that would be expected for the sedimentary system alone. Moreover, since the hydrothermal sulfide is not as light, isotopically, as sedimentary sulfide the sulfur isotopic composition would not vary as rapidly with carbon isotopic composition as would be the case for the purely sedimentary system. The Cretaceous data shown in Fig.8 exhibit just this behavior. The relatively small variation in sulfur isotopic composition could result from oxidation of a sulfide source that is not as light as sedimentary sulfide. Figure 13 shows how the Cretaceous isotopic data can be reconciled with the observed positive correlation between reduced carbon and sulfide in sedimentary rocks in terms of a presumed contribution of sea-floor hydrothermal sulfide. The figure plots various quantities as a function of the carbon isotopic composition of carbonate minerals. The Phanerozoic average carbon isotopic composition is 813C = +1°/oo. The corresponding flux of organic carbon to sediments is 1013 moles yr -1 , as shown in the figure, and the flux of sulfide to sedimentary rocks with the usual ratio of sulfide to carbon is 1.3 × 1012 moles yr -I . If it is arbitrarily assumed that the rate of oxidative weathering of sedimentary organic carbon and sulfide does not vary with time, then heavier carbon isotopic compositions correspond to larger rates of burial of sedimentary organic carbon and sulfide, as shown in Fig.13 . These larger rates of burial of reduced carbon and sulfur correpond to a net release of oxygen. The theory assumes that this extra oxygen is consumed by sulfide released from sea-floor hydrothermal systems. Fig.13 . The Cretaceous isotopic data for both carbon and sulfur can be reconciled in a model that provides the indicated fluxes of hydrothermal sulfide to the deep sea. In this model it is assumed that there is no large change in the amount of free oxygen in the atmosphere, nor any change in the ratio of reduced carbon to sulfide in average sediments.
with carbon isotopic composition. The variation of isotopic composition from 1 to 4%0, comparable with the variation in the Cretaceous data of Scholle and Arthur (1980) requires an increase in the flux of hydrothermal sulfide from 101~ to 3 × 1012 moles yr -1, as shown in Fig.13 . Sea-floor spreading rates have varied (Hays and Pitman, 1973; Rea and Scheidegger, 1979) and it seems likely that hydrothermal activity has varied also. If the hydrothermal sulfide has an isotopic composition of + 2%0 and the sedimentary sulfide has an isotopic composition of--18%o, the predicted variation of sulfur isotopic composition with carbon isotopic composition is as shown by the dashed line at the top of Fig.13 . This theoretical result agrees quite well with the data for the Cretaceous. It therefore seems that the Cretaceous isotopic data can be reasonably explained without any change in the atmospheric oxygen reservoir and without any postulated change in the usual ratio of sedimentary organic carbon to sulfide, in terms of variations in the flux of hydrothermal sulfide to the ocean. The Phanerozoic average isotopic data are not reproduced by this simple theory, but it is quite possible that this discrepancy would be resolved by a theory that allowed for variations with time in the sulfate content of the ocean and perhaps also in the rate of erosion and weathering of the continents. Alternatively, a variation in the globally averaged ratio of carbon to sulfur in shales may have been important (Berner and Raiswell, 1983) .
Obviously, my speculative suggestions can not be considered the last word on this subject. More careful analysis is needed, and more time-resolved data on carbon and sulfur isotopes would be most useful. Nonetheless, I feel that a strong case can be made for an important contribution to the sulfur budget by sea-floor hydrothermal systems and I feel that the Cretaceous isotopic data for carbon and sulfur provide evidence in support of this important role.
A SPECULATIVE MECHANISM It might reasonably be asked what process or set of processes might cause the fluxes of sedimentary carbon and sulfide and the flux of hydrothermal sulfide to vary together in the manner illustrated in Fig.13 . Clearly, the hydrothermal flux does not directly respond to the sedimentary flux. Any causal interaction must go in the other direction. I suggest that enhanced hydrothermal activity leads to a larger flux of sulfide to the deep sea. This extra sulfide draws down the oxygen content of ocean and atmosphere enough to promote anoxic conditions in parts of the deep sea. These anoxic conditions in turn lead to enhanced rates of burial of organic carbon and sulfide in sea-floor sediments (Holland, 1973; Walker, 1974 Walker, , 1980 . In terms of this model, therefore, oceanic anoxic events are caused by reduced concentrations of atmospheric oxygen which result from enhanced rates of sea-floor hydrothermal activity. Published theories for oceanic anoxic events and the origin of deep-sea black shales have not dealt with possible depressions in the partial pressure of atmospheric oxygen (Schlanger and Cita, 1982) . This neglect should probably be corrected.
